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Title: Continuous-flow enzyme assay 



The present invention relates to the measurement of enzyme activity 
and the modification and especially inhibition thereof. Particularly, the 
invention relates to a continuous-flow enzyme assay. Furthermore, this 
invention relates to the use of newly detected compounds giving interaction 
5 with a particular enzyme. 

Enzyme assays are highly sensitive detection techniques that can be 
used to characterize both enzymes and substrates by the detection of 
conversion products. IVpically, an enzyme and its substrate are mixed 
together with, e.^., co-factors at appropriate buffer conditions, and after a 
10 certain incubation time, the reaction is stopped and the amount of products 
formed during the reaction is measured. 

The measurement is typically based on the change of detection 
properties of the substrate. For example, the measurement can be based on the 
conversion of a non-fluorescent substrate in a reaction product that has 
15 fluorescent properties which can be used as signals for fluorescence detection. 
Similarly, a colorless substrate can be converted into a colored product to be 
measiured by UV-VIS detection. 

From the amount of product formed as a function of time, 
conclusions can be drawn on the kinetics of the enzyme-substrate reaction. 
20 Substances can be tested for enzyme inhibition activity by adding a 

certain concentration of the said substance to the en2syme-substrate reaction 
mixture, and detecting a change of product formation in comparison with a 
measurement where no substance was added. 



25 format relates to batch assays carried out in a microtitre plate. Enzyme, 

substrate and substance to be tested for inhibition are pipetted into a well of 



Enzyme assays can be carried out in various formats. A common 
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the microtitre plate and the amount of product formed is meastured after a 
predefined time. 

Another approach involves the immobilization of the enzyme on a 
solid surface, for example of a chromatographic particle. The immobiUzed 
5 enzyme material is then packed into a reactor, and the substrate is pumped 
through the reactor. Product detection occiurs downstream of the solid-phase 
reactor using a suitable detector. The inhibition activity of substances is tested 
by adding the substance to the substrate prior to introduction in the enzyme 
reactor. The decrease of product formation by substances exhibiting enzyme 

10 inhibition is measured downstream to the reactor. In this light, reference can 
be made to several papers describing the use of the so-called immobiUzed 
enzyme reactors (IMER) in a continuous-flow system coupled to a mass 
spectrometer. See in this respect, e.g., Amankwa et al. in Protein Science 4 
(1995) 113-125; Jiang et al. in J. Chromatogr. A 924 (2001) 315-322; Mao et al. 

15 in Anal. Chem., 74 (2002) 379-385; and Richter et al. in Anal. Chem., 68 (1996) 
1701-1705. These IMERs were mainly used to study substrate conversion 
reactions and the physico-chemical parameters that influence the extend of the 
enzyme conversion reaction. No reference is made to the study of enzyme 
inhibitors by IMERs. Although such IMERs could principally be coupled on- 

20 line to a fractionation method such as hquid chromatrography, its operational 
performance would be very disadvantageous since the elution of an irreversible 
inhibitor could easily block the entire IMER and thereby prevent any further 
measurements. The user would have to exchange the reactor before continuing 
the screening of other samples. 

25 In yet another known format, the enzyme reaction is performed in a 

continuous-flow reaction system. The reaction time in the continuous-flow 
reaction system is constant and is determined by the volume of the reactor and 
the total flow rate. Enzyme and substrate are separately pumped and mixed 
with a carrier stream containing the substance to be tested. In the absence of 

30 inhibition activity, a maximmn amount of product is formed during the 
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available, constant reaction time. The presence of an inhibitor leads to a 
decrease of product formation which can be detected by a suitable detector 
downstream to the continuous-flow reaction system 

An example of such a continuous-flow assay described in the state of 
5 the art is given by Ingkaninan et aL in J. Chromatogr. A, 872 (2000), 61-73. 
They describe the set up of a specific continuous-flow enzyme assay using UV- 
VIS detection as a readout. Particidarly, they describe that acetylcholine- 
esterase and its substrate were mixed in a continuous-flow reaction detection 
system, and the presence of inhibitors in the carrier fluid was detected by 
10 measuring a colored product of the enzyme substrate reaction at 405 nm. 

For this type of continuous-flow assay, there are a number of 
principal drawbacks of which a nvunber will be discussed in the following 
paragraphs. 

First, the method of Ingkaninan et aL relies on particular 
15 requirements of the substrate; that is, a smtable substrate has to be found that 
can be converted into a product suitable for UV-VIS detection. Although a 
number of such substrates are known in the art in association with various 
enzyme systems, there is a very large group of enzymes, and particularly 
pharmaceutically relevant enzymes, such as kinases, which lack a suitable 
20 substrate working according to the detection principle described by 

Ingkaninan et aL, This problem can, in principle, be overcome by using a more 
complicated assay protocol, e.g., a protocol wherein the use of labeled 
antibodies against products formed in the enzyme substrate reaction would 
have to be employed. However, this makes assay development and the 
25 possibility of using the assay on-line with a fractionation step very difficult. 

Corresponding disadvantages occur for other detection methods 
which rely on a difference in signal between substrate and converted 
substrate. A well-known example is detection by means of fluorescence. 
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Moreover, UV-VIS is a rather insensitive detection method. 
Accordingly, assays of the type described by Ingkaninan et al. are 
characterized by a relatively low detection sensitivity. 

In addition, it is noted that the assay format described by 
5 Ingkaninan et ah is described as a method for the assajring of a single enzyme. 

It is a primary aim underlying the present invention to provide a 
method or assay which overcomes at least one of the drawbacks of the existing 
batch and continuous-flow assays. Particularly, it is aimed to make the assay 
or method of the invention more flexible as compared to the enzyme assays 
10 based on fluorescence or UV-VIS detection, especially in view of the 

disadvantage associated with the sketched reqiiirement of a suitable substrate. 
Substrates used for fluorescence or UV-VIS detection are typically chemical 
derivatives of native enzyme substrates, where the original substrate is 
covalently linked to a chemical moiety that can be detected - either directly or 
15 after enzyme cleavage - by the respective detection methods. The synthesis of 
detectable substrates often leads to prolonged assay development times since 
chemical alteration of the original substrate often leads to decreased substrate 
specificity and consequently to very insensitive assays. 

Moreover, the assay format of the present invention should be 
20 capable of being linked to a fractionation method such as liquid 
chromatography. 

Further, it would be desirable to have available a method for 
assaying multiple enzyme combinations. 

The present invention solves any or more of the problems of the 
25 known enzyme activity measurements assays and/or meets the desires 

mentioned above by making use of the detection of conversion products of an 
enzyme-substrate reaction by means of mass spectrometry. 

By using mass spectrometry as the detection technique, substrate 
conversion products can be detected directly; no chemical derivatization of the 
30 native substrate is required for assay development. 
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In addition, the present invention makes it possible both to study 
enzyme kinetics and to screen for active ligands inhibiting or activating the 
enzyme or otherwise modifying the enzyme activity. 

In a particular embodiment the present method is used to screen 
5 enzymes with hitherto unknown substrate activities. 

The present invention relates to a continuous-flow enzjone reaction 
system where one or more of the conversion products are detected on-line by 
mass spectrometry, such as electrospray mass spectrometry. The continuous- 
flow enzyme reaction system readout can be generated in such a way that it 
10 can be coupled to separation methods such as liquid chromatography or 
capillary electrophoresis in order to screen mixtures of compounds. 

More in detail, the present invention relates to an on-Hne detection 
method comprising the steps of: contacting an efQuent of a fractionation step 
with a controlled amount of an enzyme; allowing the enzyme to interact with 
15 analytes suspected to be present in the effluent; addition of a controlled 

amount of a substrate for said enzyme; allowing a reaction of the enzyme with 
the substrate providing one or more modified substrate products; and detection 
of unreacted substrate, or a modified substrate product using a mass 
spectrometer. 

20 It is to be noted that several methods describing the use of mass 

spectrometry in respect to enzyme detection have been described in the state of 
the art. The presently claimed method is however not disclosed nor suggested. 

For instance, reference can be made to an article of Ge et al, in Anal. 
Chem., 73 (2001) 5078-5082. Ge et aL propose the use of mass spectrometry for 

25 the determination of enzyme kinetics. Particularly, the incubation of the 
enzyme glutathione S- transferase with glutathione and l-cliloro-2,4- 
dinitrobenzene is described, wherein after certain time intervals the amount of 
product formed in the enzyme reaction is measured by electrospray ionization 
mass spectrometry. This known method allows the monitoring of an enzyme 

30 reaction by using the enzyme's original or natural substrate. Ge et aL only 
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teach batch applications, i.e., incubation of sample, enzyme and substrate, and 
subsequent injection of the reaction product into the mass spectrometer. This 
method is therefore only useful for the determination of enyzme kinetics and 
the screening of pture substances. The method of Ge et al. can not be coupled 
5 on-line to a fractionation step, and the screening of mixtures as made possible 
by the present invention can only be performed by off-line fraction collection 
after fractionation of the sample using, for example, Uquid chromatography. 

A similar method is proposed by Norris et al. (Anal. Chem., 73 
(2001), 6024-6029) who use batch incubations to study the kinetic 

10 characterization of certain inhibitors of fucosy transferase. 

Also in the above-identified article of Ingkaninan et al. an 
embodiment is described wherein the on-line system using UV spectrometry 
additionally makes use of a mass spectrometry imit to identify particular 
components found by the said on-line system. That is, if on the basis of the UV 

15 measurement activity is noted, electro-spray ionisation spectrometry can be 
used to obtain information for the molecular mass of the active compounds. 
Any suggestion to use the mass spectrometer as the apparatus to determine 
whether there is an interaction between an unknown compound and the 
enzyme to be screened, as in the method of the present invention, is absent. 

20 Langridge et al. in Rapid Comm. Mass Spectrometry, 7 (1993), 293- 

303 teach the analysis of particular enzymes using continuous flow Fast Atom 
Bombardment Mass Spectrometry. The article focuses on the estabUshment of 
the techniques and its sensitivity and reproducibiUty. Any reference to the 
coupling to a fractionation step is absent; enzyme reactions are monitored on 

25 line. 

Boyan et al describe in Anal. Biochem., 299 (2001) at pages 173-182 
a screening of mixtiires of enzyme inhibitors by firontal affinity 
chromatography coupled to MS. This article aims to investigate enzyme 
substrate kinetic parameters and binding constants. Thereto a substrate 
30 measurement is carried out to determine the quality of the enzyme after 
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immobilisation to an afitinity column. No continuous flow processes are 
described. 

In summary, all prior art methods described herein-above wherein 
enzyme assays are performed in combination with mass spectrometry as 
5 readout technique are either carried out in batch or in association with 

immobilized enzyme reactors (IMER). Both approaches can be used mainly for 
the investigation of enzyme kinetics and for the screening of single, p\xre 
compounds. Contrary to the method of the present invention, these methods 
cannot be coupled directly to a separation method such as liquid 

10 chromatography or capillary electrophoresis since incubation and detection are 
discontinuous processes. Application of mixtures to both types of enzyme assay 
formats does not reveal the nature of the compound in the mixtures that has 
caused the inhibition activity. In addition, the method of the inventions does 
not reqiiire the implementation of synthesized fluorescent or radioactive labels 

15 for the detection of bioactive compounds. 

The present invention is based on the combination of continuous- 
flow enzyme assays with mass spectrometry as readout technique. In a first 
step of this on-line detection method an effluent of a fractionation step is 
contacted with a controlled amount of at least one enzyme. A suitable 

20 fractionation method to be used in the methods of the present invention 

comprises a liquid chromatography separation or a capillary electrophoresis 
step. Other separation or fractionation techniques which are known to the 
person skilled in the art and which allow a relatively continuous output stream 
can, however, be used as well. 

25 Not only can the fractionation step be a liquid chromatography 

separation, a capillary electrophoresis step, but also a combinatorial chemistry 
system. 

Preferred liquid chromatography fractionation steps comprise 
HPLC, reversed phase HPLC, capillary electrophoresis (CE), capillary 
30 electrochromatography (CEC), isoelectric focusing (lEF) or micellar 
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electrokinetic chromatography (MEKC), all of which techniques are known to 
the person skilled in the art. In a preferred embodiment, the liquid 
chromatography separation step is a reversed phase HPLC step. 

It will be understood that according to the present invention as the 
5 effluent of a fractionation step is also to be understood the effluent of a flow 
injection analysis system, in which a mixtiure of different compounds is 
injected. Since the flow injection technique provides a flexible and fast 
screening method, it is a preferred embodiment of the present invention. 

In the next step, the enzyme is allowed to interact with analj^es 

10 suspected to be present in the effluent. In this description and the appending 
claims, the term "analj^te" is used for any compovmd that is capable of binding 
to or otherwise intimately interacting with the enzyme so that the enzyme 
properties are affected. The term "analyte" comprises both known or new 
substrates for an enzyme, but also enzyme inhibitors or enzyme modifiers. To 

15 effect that the detection method can be used in a real-time. manner, the 

duration of the interaction is rather short, with a maximum of about 5 and 
preferably about 3 minutes. The minimum interaction time depends somewhat 
on the enzyme used but generally is at least 30 seconds and preferably at least 
1 minute. Good resxilts were obtained by the present inventors with interaction 

20 times of 2-3 minutes. 

In a next step, a controlled amount of a known substrate for the 
enzyme (s) used is added and said amount is allowed to react with the enzyme 
providing one or more modified substrate product. Finally, the unreacted 
substrate, or one of the modified substrate products are read-out using a mass 

25 spectrometer. 

Preferably, the method of the present invention involves detection of 
a modified substrate product. 

The entire reaction mixture can be introduced into a mass 
spectrometer without prior separation of substrate and the modified substrate 

30 products. The change of amount of known compound to be detected by the MS 
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indicates the presence of at least one analyte in the effluent giving interaction 
with the enzyme. 

In the preferred embodiment wherein a modified, and in general a 
relatively small, substrate product is used in the MS detection step, preferably 
5 a hollow-fibre module is inserted prior to the mass spectrometer in order to 
remove the high molecular mass firaction of the reaction mixture to be 
analysed. Particularly, the reaction mixture passes a hollow-fibre module, 
separating off molecules which have a higher molecular weight said modified 
substrate product, prior to entering the mass spectrometer. More preferably, 
10 the hollow-fibre module spUts off all compounds having a size larger than the 
modified substrate product, inclusive of the substrate used. Of course, also 
other apparatuses capable of splitting off larger molecules can be used. 

In a preferred embodiment of the method of the invention, a make- 
up flow is added to the reaction mixture resiilting fi*om the reaction with the 
15 substrate, prior to the introduction in the mass spectrometer. A make-up flow 
contains ingredients that improve the detection sensitivity of the products 
formed in the enzyme substrate reaction. Examples of such ingredients are 
organic solvents such as methanol and acetonitrile, as well as acids like acetic 
acid and formic acid. These solvents and acids interact with the compounds to 
20 be detected and make that such compounds are for instance easier ionised. 

The required selectivity can be obtained by operating the MS such, 
that selectively tracing of the MS is obtained. 

All modes of MS-operation are possible in Flow Injection mode, 
however, due to the higher background, especially the very selective modes 
25 which comprise detecting ions of a selected single m/z trace or of selected 
multiple m/z traces are suitable. 

Preferably, the MS is of the type chosen firom the group consisting of 
electrospray ionisation type, atmospheric pressure ionisation type, quadrupole 
type, magnetic sector type, time-off-flight type, MS/MS, MS»», FTMS type, ion 
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trap type and combinations thereof. A very suitable method, illustrated in 
example 3 is electron spray time-of-flight mass spectrometry (ESI-TOF-MS). 

For example, in scanning mode to trace compounds, low resolution 
MS with all possible instrumental designs of MS can be used, in particular 
5 quadrupole, magnetic sector, time-ofif-flight, FTMS and ion-trap. This 
generates typically molecular weight data with nominal mass accuracy. 

When high resolution MS is applied, using all possible high 
resolution instrumental designs, in particular magnetic sector, time-off-flight, 
FTMS and ion trap, molecular weight data with high mass accuracy combined 

10 with the elemental composition of the compound can be obtained. 

Other known MS techniques comprise tandem MS, such as MS/MS 
or MS° (for example MS^). Application of these techniques enables the 
collection of structural information of the ligands which is a preferred 
embodiment of the present invention. The data in scanning mode can be 

15 acquired in data-dependent mode which means that for each peak observed 
automatically the tandem MS measurement is performed. In addition to this 
the fragmentation induced in the tandem MS measurement can be coupled by 
more sophisticated procediu^es, for example a broad band excitation, which also 
fragments expected fragments of less importance, such as the [protonated 

20 molecule-H20]'^ peak in natural product screening. 

The MS can also be operated in single/multiple ion monitoring mode, 
which can be used for highly selective detection. 

Single/multiple ion monitoring mode can be used for highly selective 
detection. Using low resolution MS in single/multiple ion monitoring mode 

25 with all possible low resolution instrumental designs, in particular 

quadrupole, magnetic sector, time-o£f-£light, FTMS and ion trap, selective 
detection based on monitoring of previously determined m/z trace can be 
obtained. When high resolution MS is applied all possible instrumental 
designs of MS can be used, especially quadrupole, magnetic sensor, time-off- 

30 flight, FTMS and ion-trap. This enables tjrpically very selective detection based 
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on monitoring in high resolution previously determined m/z trace. When 
tandem MS is applied, all possible instrumental designs, in partictdar ion trap, 
quadrupole-time-off-flight (Q-TOF), triple quadrupoles (QQQ), FTMS and 
combinations of sector instruments with quadrupoles and ion traps, can be 
5 used. This enables the very selective detection based on monitoring a resulting 
peak or peaks in MS/MS and/or MS^ measxu*ements. 

It is also possible to operate the MS in scanning mode. In this way 
the lowering of the pre-determined signal is correlated to the increase of other 
signals, enabling the active compound to be characterized in the same cycle. 

10 With the assays according to the present invention the tracing of 

(bio-) active compounds, interacting with a particular enzyme, in solutions of 
complex nature, for instance biological fluids or extracts, natural product 
extracts, solutions or extracts from biotechnological processes, resulting &om 
chemical experiments, such as combinatorial technologies and processes and 

15 the like can be performed with a higher efficiency, selectivity and flexibility. 
Moreover, the present invention provides the possibility to limit the 
disturbance of background compounds. 

The present invention further enables the identification of 
compounds based on conventional mass spectra, high resolution data or MS^^ 

20 based spectra. 

With the method of the present invention it is also possible to 
perform library searching, based on a variety of mass spectrometric 
experiments enabUng the screening of large series of samples and classifying 
these in classes based on similar active compounds, without the need for fviU 

25 identification of the compounds. 

The assay method of the present invention can be applied in 
miniaturized formats of assay-based systems, for instance with chip technology 
based screening systems. 

Contrary to the known methods described herein-above, the method 

30 of the invention makes it possible to use a mixtiure of two or more different 
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t3T)es of enzymes. In this preferred embodiment also a mixture of different 
substrates should be used, each of these substrates being specific for one of 
said enzymes. The presence of an active compound giving interaction with one 
of the enzymes in a mixttire can by monitoring the changes of the 
5 concentration of a known substrate or modified substrate product at its specific 
mass to charge ratio. Moreover, the molecular mass of the active compound 
can be measured simultaneously by monitoring the total ion current 
chromatogram at the time where the peak maximum for the known ligand 
occurs. 

10 In another preferred embodiment, which is also elaborated in the 

working examples, the method of the invention uses as the enzyme or one of 
the enzymes a protein kinase. In that embodiment very good results are 
obtained when the detection is carried out on a phosphorylated product of a 
kinase catalysed reaction. The detection can well be used to show the presence 

15 of enzyme inhibitors. 

In another aspect, the present invention relates to an on-Une 
detection method, wherein a mass spectrometer with a multiple-inlet unit is 
used, to which multiple-inlet unit different fractionation Unes are connected, 
wherein each fractionation line comprises an effluent to which controlled 

20 amounts of enzyme and known substrates are added as described in each of 
the embodiments of the method of the present invention as described in the 
present description. 

Also, the invention relates to new compounds detected by the 
method of the present invention. Such compounds have the possibility of giving 

25 interaction with the enzyme added in the assay method. 

The method of the present invention will be described in more detail, 
while referring to the embodiments described in the figures 1-3, which 
schematically show three non-limiting embodiments of the method of the 
present invention. Particularly, the apparatuses used in the method of the 

30 present invention which are described in some detail for each of the 3 
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embodiments shown in the figures, can, in general, also be used in the 
embodiments described in the other figures. 

In figures 1-3, the reaction between enzyme and substrate proceeds 
in a continuous-flow reaction detection system comprised of an open-tubular, 
5 knitted reactor 1. In order to achieve maximum sensitivity, the assay is 
performed in a sequential mode. In a first step, the carrier stream Flow 1 
containing the compoimds to be tested is mixed with the enzyme solution Flow 
2. The carrier stream can for instance be the carrier of a flow injection analysis 
(FIA) system or the outlet of a continuous-flow separation technique such as 

10 HPLC or CE. The volume of Reactor 1 and the total flow rate of Hquid streams 
Flow 1 and Flow 2 determine the incubation time. The incubation time can 
easily be varied by changing the reactor volume or the flow rates and thus 
gaining insight in the kinetics of the enzyme inhibition. 

In a second step, the substrate Flow 3 is mixed with the liquid 

15 stream emanating firom Reactor 1, initiating the substrate conversion reaction. 
The volume of tubular Reactor 2 and the total flow rate of liquid streams Flows 
1, 2 and 3 determine the substrate incubation time. Again, the incubation time 
can easily be varied by changing the reactor volume or the flow rates and thus 
gaining insight in the kinetics of the enzyme substrate reaction. 

20 The outlet of Reactor 2 can be connected to for instance an 

electrospray interface of the mass spectrometer in three different ways, i.e., (i) 
directly without fiirther modification of the reaction mixture (Figure 1), (ii) 
directly after addition of a make-up flow consisting typicadly of methanol in 
combination with acetic or formic acid and an internal standard (Figure 2) and 

25 (iii) via a hollow-fibre interface (Figure 3). In the latter case only the permeate 
of the hollow-fibre module containing the low molecular mass reaction 
products is directed towards the mass spectrometers, whereas the high- 
molecular mass firaction in the retentate of the hoUow-fibre is directed to 
waste. 
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In Figure 1, the reaction products (Pi..Pn) of the enzyme reaction are 
measured directly at their molecular mass. The enzyme reaction is carried out 
in a MS compatible, volatile buffer consisting, for example, of ammonium 
acetate, ammonium formate or ammonium carbonate. In the absence of 
5 inhibiting substances, a constant amount of product is formed in the 

continuous-flow reaction system due to the well-defined, constant reaction 
time of the enzyme-substrate reaction. The formation of a constant product 
concentration leads to a constant MS signal at the specific m/z value of the 
products that are selected as indicators for the extent of the enzyme substrate 

10 reaction. The injection of an inhibitor (or another compound influencing the 
enzyme-substrate interaction) into the carrier flow or the elution of an 
inhibitor from a separation method leads to a decrease of the enzyme activity 
(reaction in Reactor 1) and, consequently, to a decrease of the product 
concentration formed in Reactor 2. The addition of an internal standard, 

15 typically a low molecular mass organic compound with similar chemical 
characteristics of the enzyme reaction product, to the substrate solution is 
used to control the constancy of the electrospray interface conditions- A 
decrease of the product signal can only be considered as specific and caused by 
an inhibitor if the signal for the internal standards remains constant during 

20 the measurement period. If both product and internal standard signals are 
decreasing simultaneously, the signal is probably caused by a change of 
ionization conditions, for example due to matrix components, and not due to 
the specific inhibition of the enzyme. 

Figure 2 is identical to Figvire 1 except that, prior to the introduction 

25 of the reaction product into the mass spectrometer, a make-up flow is added 
containing an organic solvent such as methanol or acetonitrile, a volatile 
organic acid such formic acid or acetic acid and an internal standard. The 
scheme shown in Figure 2 is used in those cases wherein the enzyme reaction 
products serving as an indicator for the extent of the enzyme-substrate 

30 reaction exhibit a weak ionisation efficiency and, consequently, can only be 
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measured at relatively high concentration. It is well known that the addition of 
an organic solvent and a volatile acid results in an improved detection 
sensitivity of organic molecules in electrospray mass spectrometry. Similarly 
to the method shown in Figure 1, the internal standard is used to check the 
5 stability of the electrospray ionisation conditions. 

The method sketched in Figure 3 is applied in those cases where the 
presence of a high molecular fraction such as the enzyme itself or protein 
impurities from the production of the enzyme causes a large amount of ion 
suppression. By introducing the reaction product into a hollow-fibre module, 

10 the high molecular mass fraction is removed, and only the permeate containing 
the low molecular mass reaction products is directed towards a mass 
spectrometer. Similar to the embodiment shown in Figure 2, a make-up flow 
can be added to the permeate prior to introduction into the MS in order to 
enhance the ionisation efficiency and, thus, the detection sensitivity of the 

15 reaction products. 

Since the substances to be tested or screened, which are injected 
either directly into the carrier flow or eluate on-line from a suitable 
fractionation technique, are directed to the MS together with the reaction 
products of the enzyme substrate reaction, the method of the present invention 

20 is able to simultaneously determine the biochemical properties of this 

substance, i.e., its potential to inhibit the enzyme, and its molecular mass. The 
latter information can be used to elucidate the structure of the substance to be 
tested. 

The enzyme assay method of the present invention can be coupled 
25 on-line to a suitable fractionation technique since the enzyme is added 
continuously to the carrier stream. This overcomes the disadvantage of 
methods described as prior art herein-above, where the enzyme is either added 
to batch solutions of the sample or immobihzed on a soUd-phase material. 

In case of batch incubations, the reaction time has to be carefully 
30 controlled since otherwise no comparison between different samples wovdd be 
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possible. Moreover, batch incubations cannot be coupled on-line to 
fractionation techniques, but require an off-line fraction collection of the eluate 
of the fractionation technique. 

The major drawback of using immobilized enzyme reactors lies in 
5 the possibility that an active compound or a matrix constituent inactivates the 
immobilized en^me and requires the introduction of a fresh IMER column. 
. Since a possible deactivation caimot be predicted, methods using IMERs 
require frequent control measurement to test the activity of the IMER. In the 
method of the present invention, fresh enzyme proteins are continuously added 
10 at a low flow rate to the carrier flow. The injection of an active inhibitor or an 
interfering matrix component therefore leads only to a temporary deactivation 
of the enzyme. 

The methods described in the prior art discussed herein-above 
cannot be coupled on-line to a fractionation and are therefore not suitable for 

15 the screening of mixtures of compounds. 

By using mass spectrometry as detection method for the products of 
the enzyme substrate reaction the present invention has several advantages in 
comparison with on-line enzyme assays using UV-VIS detection as described 
by Ingkaninan et al.. Most importantly, assay development does not require 

20 the chemical (covalent) attachment of a detectable moiety to an existing 
substrate. It is well known that such a chemical alteration may lead to an 
inactivation of the substrate. In the present invention the use of the native 
substrate for the enzyme is possible. During assay development the specific 
MS detection conditions for the products of the enzyme substrate reaction are 

25 established and optimized. These conditions are subsequently used in the 
screening of enzyme inhibitors. 

Another advantage over assays based on UV-VIS detection as 
described by Ingkaninan et al. is the potential of the present invention to 
screen several enzymes simvdtaneously. In this case, mixtures of the enzymes 

30 and their specific substrates are used rather than single components. The 
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mass spectrometer detects the individual reaction products for each enzyme 
assay simultaneously at their specific m/z value. These multi-enzyme assays 
can be performed without designing specifically labeled substrates that can be 
distinguished on basis of, for example, their absorption wavelength in UV-VIS 
5 detection or their excitation and emission wavelength in fluorescence 

detection. From the total ion current data generated by the mass spectrometer, 
those mass traces are isolated for interpretation of the individual enzyme 
assays that represent the specific reaction products. 

The on-line coupling to a fractionation technique therefore allows, 

10 unlike batch assays or assays performed using immobilized enzyme reactors, 
the screening of mixtures of compounds. A preferred method of screening of 
mixtures consist of the following steps. The mixture, for example a natural 
product extract, a reaction product from combinatorial chemistry, or a reaction 
product fi*om a metabolic profiling experiment, is injected into a suitable 

15 firactionation technique, for example, an HPLC separation column. Compounds 
eluting firom the HPLC column are mixed with the enzyme by adding the 
enzyme in a mixing unit. In Reactor 1, compounds eluting from the HPLC 
column are allowed to interact with the enzyme for a well-defined amount of 
time determined by the flow rate of the HPLC and enzyme flow streams. 

20 Subsequently, via a second mixing unit, the substrate is added and after a 

second reaction time determined by the volume of Reactor 2 and the total flow 
rates of the HPLC, the enzyme and the substrate flow streams, the mixtures is 
directed towards a mass spectrometer using for instance the methods shown in 
Figures 1-3. The elution of an active compound from the HPLC column leads to 

25 a change in the behaviour of the enzyme, such as a partial or full deactivation 
of the enzyme, depending on its inhibition constant. The inhibition of enzyme 
molecules brought into contact with the active substance leads to a decreased 
product formation in Reactor 2 which is detected by, e.g., electrospray MS. 
After the active substance has left Reactor 2, the signal retains its original 
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value. The presence of an active compound leads to a negative peak in the 
mass trace of the enzyme reaction products. 

A comparison of the MS data obtained when analjrtes are injected 
with the signal obtained when only the controlled amounts of substrate or 
5 modified substrate products are introduced in the continuous-flow system, 
provides information in respect of the percentage of the interaction with 
enzyme by the analytes present in the efQuent of the fractionation step. The 
person skilled in the art possesses the knowledge to process and evaluate the 
data obtained from the detection method. The percentage interaction by an 

10 analyte present in the effluent can be used to find new compounds which show 
an interaction with a particular enzyme. This information provides the 
possibility to implement the on-line separation/afELnily molecule detection 
process of the present invention in, e.g., drug discovery. 

By a "controlled amount" of enzyme and substrate that is added to 

15 the effluent is to be understood an amount of known concentration and of 
known flow rate. 

The term "known substrate" as used in the present description and 
claims refers to a substrate which is capable of interacting or reacting with the 
enzyme, and which can be detected by the MS. 

20 On-line coupling as used in the methods of the present invention 

requires fast reaction times in order to minimize extra-column band 
broadening. This means that interactions having reaction times in the order of 
minutes rather than hours should be considered. The suitable binding 
conditions under which the enzymes bind to the analyte comprise a contact 

25 time, which is in the same order of magnitude. Suitable binding conditions are 
conditions that provide optimal binding between the enzyme molecules and the 
analyte. It will be imderstood that the precise conditions, such as temperature, 
residence time, chemical composition, will depend strongly on the type of assay 
and the proteins used therein. In contrast to biochemical assays based on 

30 fluorescent, radioactive or enzyme labels, where background buffer solutions 
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are mainly composed of involatile phosphate or Tris bu£fers the mass 
spectrometric assays presented here are performed using volatile buffers such 
as ammonium formate or ammonium acetate at neutral pH. Moreover, to 
improve the ionization characteristics of the known ligand, small amoimts of 
5 methanol (2.5-10%) are added to the backgroimd buffer as make-up flow. 

The invention will be described in fxu*ther detail, while referring to 
the following, non-limiting examples. 

Example 1 

10 The feasibility of the present invention is demonstrated for a protein 

kinase assay. The kinase catalyzes the phosphorylation of a specific peptide 
substrate in the presence of ATP. In this example, the following reagents were 
used: 



15 Enzyme: Protein kinase A (fi-om bovine heart; 80% protein; 

phosphorylation activity: 1-2 units per ^ig protein) 

Substrate: Malantide (H-Arg-Thr-Lys-Arg-Ser-Gly-Ser-Val-Tyr- 
Glu-Pro-Leu-Lys-Ile-OH; >97%; FW 1633.9 Da), 

Cofactors: Adenosine 3*:5'-cyclic monophosphate (free acid; 
20 >99%; cAMP), adenosine 5'-triphosphate (magnesium salt; 95-98%; MgATP), P 
0300 (H-Thr-Thr-Tyr-Ala-Asp-Phe-Ile-Ala-Ser-Gly-Arg-Thr-Gly-Arg-Arg-Asn- 
Ala-Ile-His-Asp-OH; FW 2222.4 Da; Inh) were obtained firom Sigma 
(Zwijndrecht, The Netherlands). 

Internal 

25 standard: PP60 c-src (phosphorylated) (H-Thr-Ser-Thr-Glu-Pro- 

Gln-Tyr(P03H2)-Gln-Pro-Gly-Glu-Asn-Leu-OH; >99%; FW 1543.5 Da; IS2) was 
supplied by Bachem (Bubendorf, Switzerland). 
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Inhibitor: P 0300 (H-Thr-Thr-Tyr-Ala-Asp-Phe-Ile-Ala-Ser-Gly- 
Arg-Thr-Gly-Arg-Arg-Asn-Ala-Ile-ffis-Asp-OH; FW 2222.4) was obtained from 
Sigma (Zwijndrecht; The Netherlands). 



5 The carrier flow operated at a flow rate of 10.0 \iL min-^ consisted of 

an aqueous solution containing 20 mM ammonium bicarbonate. Reagent 
delivery was performed using 10 mL SuperLoops (Pharmacia Biotech AB, 
Uppsala, Sweden). The input flow of the Superloops was generated using 
Shicoh Engineering (Yamato, Japan) HPLC pumps connected to the inlet of 
10 Superloops by a Peek tubing of 0.5 m length and 0.064 mm inner diameter. 
The outlet of the Superloops was connected to a reaction detection system 
comprised of inverted Y-type mixing unions and knitted 

poly(tetrafluoroethylene) reaction coils with 100 p-L or 200 internal voliune, 
respectively (i.d. 0.3 mm, length 1.41 and 2.82 m, respectively). The reaction 

15 temperature was adjusted to 45"C. Both Superloops were operated at a flow 
rate of 10.0 jxL min-i. Prior to infusion into the mass spectrometer, a make-up 
solution containing methanol/1% acetic acid was added via an inverted Y-type 
mixing union at a flow rate of 2.0 min-^. The make-up solution was pumped 
by a syringe pump (Harvard Apparatus 22, Harvard, MA, USA) via syringe 

20 (Hamilton, Reno, NV, USA). The total flow was directed via an electrospray 
interface into the Q-TOF 2 (Micromass, Manchester, UK) mass spectrometer. 

In a typical set-up SuperLoop 1 containing the enzyme was filled 
with 2 mL aqueous solution containing 20 mM ammonium bicarbonate, 
100 KiM MgS04, 1 nM cAMP, 20 ^M MgATP, and protein kinase A (224-448 

25 units). The SuperLoop 2 containing the substrate solution was filled with 2 mL 
aqueous solution containing 20 mM ammonium bicarbonate, 100 ^M MgS04, 
2 \iM peptide (malantide). The syringe for the make-up flow was filled with 
methanol containing 1% acetic acid and 10 ^M internal standard. 

The MS measurements were carried out on a Q-TOF 2 mass 

30 spectrometer coupled to an electrospray interface. The measurements were 
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performed in the positive ionization mode with 353K source temperature, 
423K desolvation temperature, 250 L h-^ desolvation gas flow, 100 L hr^ cone 
gas flow, 16 p.s.i, gas cell pressure, 2500 V capillary voltage, 33 V cone voltage. 
The mass-range was set to 300 - 1100 m/z and data acquisition parameter 
5 were 5.0 sec/scan, 0.1 sec dwell time, full TOF MS continuous scan mode, and 
without using the option 'MS profile'. Nitrogen (purity 5.0; Praxair, Oevel, 
Belgium) and argon purity 5.0; Praxair) were used as desolvation/ cone gas 
and collision gas, respectively. 

In a t5T)ical experiment, the mixing of the malantide substrate with 

10 Protein kinase A leads to the formation of phosphorylated malantide which 
can be detected at an m/z value of m/z 571.9. At a reaction temperature of 
45'C an injection of a 2 jiM solution of the inhibitor leads to a signal change 
from 3700 coxmts (arbitrary units) to 1230 counts (arbitrary units) while the 
counts for the internal standard remain constant indicating that the change of 

15 signal of phosphorylated malantide is caused by the deactivation of protein 
kinase A due to the injection of the inhibitor. A clear influence of the reaction 
temperature on the assay was observed. At 25*^0, an injection of a 2 ^iM 
solution of the inhibitor leads to a signal change from 1930 counts (arbitrary 
units) to 634 counts (arbitrary units) while the counts for the internal 

20 standard remain constant. 

Example 2 

The same conditions as in example 1 were used, but now kemptide 
instead of malantide was used as substrate. The mixing of the kemptide 

25 substrate with Protein kinase A leads to the formation of phosphorylated 
kemptide which can be detected at an m/z value of m/z 426.7. At a reaction 
temperature of 45**C an injection of a 2 jiM solution of the inhibitor leads to a 
signal change firom 1240 counts (arbitrary \mits) to 335 counts (arbitrary 
units) while the counts for the internal standard remain constant at value of 

30 5030 count. Similar to the phosphorylation of malantide, a clear influence of 
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the reaction temperature on the assay was observed. At 25°C, an injection of a 
2 ^iM solution of the inhibitor leads to a signal change from 1930 counts 
(arbitrary units) to 820 counts (arbitrary imits) while the counts for the 
internal standard remain constant at value of 5790 counts. 

5 

Example 3 

In this example, the use of ESI-TOF-MS (electron spray time-of- 
flight mass spectrometry) as a detection technique for monitoring enzymatic 
activity and enzyme inhibition is demonstrated. A homogeneous, substrate- 

10 conversion-based bioassay was selected as model system, in which Z-FR-AMC 
was used as a substrate for cathepsin B. This enzyme, cathepsin B, is a 
cysteine protease, and belongs to an important group of enzymes involved in 
many physiological and pathological processes, such as intracellular protein 
turnover and cancer invasion and metastasis. 

15 The enzymatic assay was performed in a continuous-flow ESI-TOF- 

MS system where the enzyme cathepsin B and the substrate Z-FR-AMC were 
subsequently added to the carrier solution of a flow injection system 
simulating the effluent of an LC column. As a consequence, cathepsin B was 
continuously incubated with Z-FR-AMC, resulting in a continuous supply of 

20 converted substrate. The product was pumped into the mass spectrometer and 
monitored. Various compounds were injected into the continuous-flow system, 
incubated with the enzyme in a reaction coil and subsequently pumped into 
the mass spectrometer. This enabled determination of their inhibition potency 
as well as characterization of the injected compound. For the screening of 

25 extracts, online separation of compounds is required, which was obtained by 
coupling an LC column in front of the bioassay, resulting in a LC-continuous- 
flow ESI-TOF-MS system. The ability to screen extracts of natural products is 
in particularly important for the pharmaceutical industry, as these extracts 
have often been the starting point for the development of novel drug. Using an 

30 online continuous-flow ESI-TOF-MS system, made it possible to screen a 
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mixtxire for active compounds, demonstrating the applicability of ESI-MS as a 
valuable approach for primary detection. 

More in detail, samples were analyzed by two different continuous- 
flow (CF) systems, which both consisted of a homogeneous bioassay coupled to 
5 a Micromass (Wjrthenshawe, UK) Q-Tof micro mass spectrometer. The first 
continuous-flow system, which is named the FI-CF system (Figure 4), 
consisted of three Agilent Technologies (Palo Alto, CA, USA) 1100 pumps that 
delivered the reactants, Superloops (10 mL), manxifactured by Pharmacia AB 
(Uppsala, Sweden), placed after the pumps, were used for the introduction of 

10 reagent solutions into the continuous-flow system to prevent nonspecific 
binding of compounds to pump surfaces, and to reduce the use of expensive 
chemicals. A Gilson (Middleton, WI, USA) model 234 autoinjector, equipped 
with a Rheodyne (Cotati, CA, USA) six-port injection valve, was used to inject 
compounds. Two reaction coils (A, volume of 20 ^L; B, volume of 30 \iL) 

15 consisted of teflon tubing (polytetrafluorethylene, PTFE, 0.25 mm ID) that was 
knitted to provide radial mixing. Reactants were incubated in both coils at a 
temperature of 301 K. The enzyme superloop was kept at 285 K using a Spark 
(Emmen, The Netherlands) Mistral thermostat to minimize enzyme 
degradation, while the substrate superloop was kept at 301 K (cooling was not 

20 necessary). The amount of formed product was determined by MS, which was 
equipped with a Micromass Z-spray electrospray ionization (ESI) source. 
Instrument control, data acquisition and data processing were performed 
using MassLynx software (V4.00.00) software running under Microsoft 
(Redmond, WA, USA) Windows NT. 

25 The second continuous-flow system, which is named the LC-CF 

system, (Figure 5) was largely the same as the FI-CF system. Differences were 
the replacement of pump 1 and the autoinjector by an LC-system. This LC- 
system, which is the left part of Figiire 5, consisted of two Agilent Technologies 
1100 pumps (Figure 5; 6 and 7) delivering a binary gradient. The gradient was 

30 pumped through an autoinjector (Gilson, model 235p) equipped with a 
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Rheodyne six-port injection valve, which was temperature controlled (285 K) 
by a Peltier cooler, and a Zorbax (Agilent Technologies) SB-C18 (5 ^M, 2,1 x 
150 mm) column, temperature controlled (303 K) by a Shimadzu (Kyoto, 
Japan) CTO-IOAC VP column oven. The column effluent was mixed with a 
5 makeup flow, delivered by two Agilent Technologies 1100 pumps (Figure 2; 3 
and 4) to decrease the ainount of methanol necessary for LC-separation. 
Gradient and makeup flow were controlled by Kiadis (Leiden, The 
Netherlands) ScreenControl 2.96h software, running under Microsoft Windows 
2000. A Degasys Ultimate from Uniflows (Tokyo, Japan) vacuum degasser 

10 was used to degas the solution pumped through the system. To reduce the 

increased flow rate, a homemade splitter was btiild in between the LC-system 
and the bioassay-mass spectrometer, splitting with a ratio of 95% to waste and 
5% to the bioassay-mass spectrometer. 

ESI-TOF-MS detection was optimized by continuous infusion of a Z- 

15 FR-AMC solution by a syringe (Hamilton, Reno, NV, USA) and a kdScientific 
(New Hope, PA, USA) syringe pump (model KSDIOO) at a flow rate of 
10 ^L/min. Best settings for sensitivity for Z-FR-AMC were 3300 V capillary, 
30 V sample cone, 3 V extraction cone, 448 K desolvation temperature, 353 K 
source temperature and a scan range of m/z 150-650. Measurements were 

20 performed in positive ionization mode combined with a cone gas flow of 100- 

200 L/hr and a desolvation gas flow of 400-600 L/hr. Nitrogen (99.999% piurity) 
was used as gas. 

Cathepsin B (E.G. 3.4.22.1, from bovine spleen, activity: 19 units/mg 
protein, unit definition: one unit will hydrolyze 1 micromole of N-a-CBZ-lysine 

25 P-nitrophenyl ester per min at pH 5.0 at 298 K), antipain (N-(Na-carbonyl- 
Arg-Val-Arg-al)-Phe, Mr 604.7), E64 (trans-epoxysuccinyl-L-leucylamido-(4- 
guanidino)butane, Mr 357.4), cAMP (internal standard 1, adenosine 3*,5'-cyclic 
monophosphate, Mr 329.2), biotin (internal standard 2, Mr 244.3) and DTE 
(1,4-dithioerythritol, Mr 154.3) were purchased from Sigma (St. Louis, MO, 

30 USA). CA-074 (L-trans-epoxysuccinyl-Ile-Pro-OH propylamide, Mr 383.5), Z- 
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FR-AMC (CBZ-Phe-Arg 7-amido-4-inethylcouxnarin hydrochloride, Mr 649.2), 
ovokinin (Phe-Arg-Ala-Asp-His-Pro-Phe-Leu, Mr 1002.1) and pp60 c-src 
(phosphorylated, Thr-Ser-Thr.Glu-Pro-Gln-Tyr(P03H2)-Gln-Pro-Gly-Glu-Asn- 
Leu, Mr 1543.5) were obtained &om Bachem (Bubendorf, Switzerland). 
5 Methanol and ammonium hydroxide were from J. T, Baker (Deventer, The 
Netherlands), acetic acid from Riedel-de Haen (Seelze, Germany), ammonium 
formate from Aldrich (Steinheim, Germany) and high purity water was from a 
MiUi-Q system (Bedford, MA, USA). 

Reactants and internal standards were dissolved in a carrier fluid, 

10 which consisted of 20 mM ammonium formate dissolved in water, set at pH 7.0 
by ammonium hydroxide. DTE was added to the carrier to increase enzyme 
activity at a concentration of 15.0 \iM and 22.5 for the FI-CF system and LC- 
CF system, respectively. DTE was not present in solutions that were pumped 
through the LG column to minimize disturbance of the separation, and not 

15 present in the makeup flow solution. 

Batches containing 20 mM ammonium formate, various 
concentrations of ovokinin (0.10 - 2.0 ^iM) and pp60 c-src (0.20 - 4.0 jiM), 10% 
(v/v) methanol and 0.1% (v/v) acetic acid were prepared, resulting in an 
aqueous solution of pH 4.3. Samples prepared were infused into the mass 

20 spectrometer by a sjnringe pump (kdScientifrc) at a flow rate of 10 ^L/min. 

For the flow-injection-analysis, solutions were prepared as described 
for the reactants and internal standards and put in superloops. Used 
concentrations were 30 nM cathepsin B and 6 ^M internal standard 1, and 50 
jiM Z-FR-AMC and 6 |iM internal standard 2, for superloop 1 and superloop 2, 

25 respectively. 

Two inhibitors were selected, E64 and antipain, which were injected 
(1 fiL) in duplicate at various concentrations (E64: 0.50, 1.0 and 2.5 ^M; 
antipain: 0.10, 0.25 and 0.50 fxM). 

Batches containing 20 mM ammonium formate (pH 7.0), various 

30 amounts of Z-FR-AMC (0, 0.50, 1.0, 2.5, 5.0 and 7.5 ^M), 7.5 nM cathepsin B, 
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1,5 ^iM internal standard 1, 1.5 jiM internal standard 2 in water were 
prepared. ESI-TOF-MS analysis of the batches was performed, after 60 min 
incubation at 301 K, by infusion using a syringe pump at a flow rate of 10 
^L/min. 

5 Batches containing 20 mM ammonium formate, and various 

concentrations of cAMP and biotin (0.50 - 5.0 \iM) were prepared, resulting in 
an aqueous solution of pH 4.3. ESI-TOF-MS analysis of the batches was 
performed by infusion using a syringe pump at a flow rate of 10 ^L/min. 

For the HPLC screening, solutions were prepared as described 

10 herein-above and filled in superloops. Used concentrations were 30 nM 
cathepsin B and 6 ^iM internal standard 1, and 50 jiM Z-FR-AMC and 6 
internal standard 2, for superloop 1 and superloop 2, respectively. Injected 
inhibitors: E64 and CA074, which were in mixture injected (E64: 40 \iM; CA- 
074: 90 nM). The chromatographic conditions for gradient elution were: flow 

15 rate, 200 yiUmin; volume injected, 20 jiL, column temperature, 298 K; and 
autoinjector temperature, 283 K. The mobile phase was a binary gradient 
mixture of 20 mM ammonium formate in water at pH 7.0 and methanol. The 
gradient started at 30% methanol (v/v) which was increased to 35% in 12 min. 

20 Assay setup. 

A homogeneous bioassay was coupled to a mass spectrometer to form 
together the FI-CF system, as shown in Figure 4. Carrier solution (20 |iL/min) 
was mixed continuously with cathepsin B solution (10 ^L/min) in reaction coil 
A for 40 sec, and carrier/cathepsin B solution with Z-FR-AMC solution (30 

25 ^iL/min) in reaction coil B for 45 sec. The resulting flow (40 ^L/min) coming out 
of reaction coil B was pumped into the mass spectrometer, where the amount 
of formed product was directly monitored by ESI-TOF-MS. Compounds 
injected via the autoinjector into the carrier flow were allowed to react with 
cathepsin B for 40 sec (Figure 4, reaction 1), After mixing in reaction coil A, 

30 both inhibitor and enzyme were pumped into reaction coil B, where they were 
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mixed with the substrate. Without inhibitors, a continuous cleavage of Z-FR- 
AMC took place in the first reaction coil. However, if an inhibitor blocked the 
enzyme in the first reaction coil, a temporary decrease of cleaved substrate 
occurred (Figure 4, reactions 2 and 3). 
5 The second system used was the LC-CF system, as shown in Figure 

5, which was largely the same as the FI-CF system. Compounds injected via an 
autoinjector were separated by the LC-column, using a binary gradient system 
consisting of carrier solution and methanol. In order to reduce the amount of 
methanol that was necessary for separation, a makeup solution was added to 

10 the column efQuent, resulting in a constant methanol concentration of 10%. 
Decreasing the concentration of methanol was necessary to prevent enzyme 
degradation. The flow rate over the column was 200 p.L/min, which was 
increased to 960 fiL/min after addition of the makeup flow. This flow (960 
)iL/min) was splitted with a ratio of 95% to waste and 5% (48 ^L/min) to the 

15 bioassay-mass spectrometer. From this point, the FI-CF system was more or 
less the same as the LC-CF system, only the flow rates differed. In the LC-CF 
system, both the enzyme solution and the substrate solution were delivered at 
a flow rate of 50 ^L/min, resulting in a total flow rate of 100 ^L/min into the 
mass spectrometer. As a consequence, the reaction times were decreased to 16 

20 and 18 sec for reaction coil A and B, respectively. The reduced reaction times 
resulted in a lower amount of product, but still enough for a good performance 
of the LC-CF system. 

The combination of bioassays and MS as used in this continuous- 
flow system requires a solvent composition compatible to both. Enzymatic 

25 assays are mostly performed in solutions containing nonvolatile buffer salts 
such as HEPES, TRIS and PBS, and additives that preserve enzyme activity 
and nonspecific binding to surfaces. However, nonvolatile salts contaminate 
the ion source of the mass spectrometer and decrease the MS performance. 
Moreover, the amount of additives has to be kept as low as possible, as they 

30 cause signal suppression in ESI. For this reason, commonly used additives and 
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nonvolatile buffer salts were omitted in this work. A volatile salt (ammonium 
formate) was selected, which is known to be suitable for both the bioassay and 
ESI-TOF-MS. The carrier solution contained only DTE, which is necessary for 
cathepsin B activation. Furthermore, in many mass spectrometric experiments 
5 an organic modifier is added to increase the solubility of the analytes and to 
promote the desolvation of the cheurged droplets formed by the electrospray 
process. In addition, lower pH values will also increase the mass spectrometric 
performance, as positive ions (detected in the positive ion mode of the mass 
spectrometer) are more readily formed in acidic solutions. In many cases, 
10 however, both organic modifier and an acidic pH, however, are not compatible 
with enzymatic reactions. For this reason, a neutral pH (7.0) and a bioassay 
compatible concentration of organic modifier in the carrier solution were 
selected. 

Z-FR-AMC, a fluorescent labeled compound, was selected as 
15 substrate for cathepsin B. Figure 6 is a spectrum of Z-FR-AMC after cleavage 
by cathepsin B, monitored by ESI-TOF-MS. The spectrum shows that 
enzymatic cleavage of Z-FR-AMC resulted in two products, namely m/z 176 
and m/z 456. Fxirthermore, it shows the uncleaved substrate (m/z 613; without 
hydrochloride) and two internal standards (biotin, m/z 227, protonated 
20 molecule minus water; cAMP, m/z 330). Important information about the 

sensitivity of the system (internal standards), and the amount of substrate and 
formed product were easily determined. Two internal standards were used, one 
in each superloop, to control the flow rates by following the ratio between their 
intensities. 

25 The precision of the ESI-TOF-MS, expressed as RSD, was studied 

using five different concentrations of the compounds ovokinin and 
phosphorylated pp60 c-src. These compounds were selected for the reason that 
for both ESI-TOF-MS information was present, as they were used in previous 
studies. 
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The inter-day (n = 9) precision measurements was 5.1% and 5.5% for 
ovokinin and pp60 c-src, respectively. The ratio between both compounds was 
also controlled and fluctuated by 4.8% (RSD). These percentages demonstrate 
the stability of the MS detection system. However, fluctuations in sensitivity 
5 can easily be corrected for the use of an internal standard. 

Flow-injection analysis was performed to determine the inhibition 
potency of two compounds, using the FI-CF system. Two inhibitors were 
selected, E64 and antipain, which are nonselective serine and cysteine 
protease inhibitors. Both inhibitors were injected via the autoinjector into the 

10 FI-CF system. If the inhibitors block the cathepsin B, negative peaks should 
show up, as a consequence of temporary decreased amount of active enzyme. 

The result of this flow-injection analysis is depicted in Figure 7. All 
three mass traces are extracted ion chromatograms (EIC), in which an ion of 
interest is extracted out of the total amount of ions detected. The first mass 

15 trace is an EIC of m/z 456.0 (formed product), the second mass trace of n:i/z 
190.7 (fragment of antipain), and the third mass trace of m/z 358.2 (E64). 

Inhibitor injections resulted in negative peaks in the product mass 
trace. These negative peaks could be caused by components that largely 
suppressed the ion formation, or by components that inhibited the enzyme 

20 resulting in a lower amount of product. The first option is controlled by the 
usage of internal standards. To be sure that the negative peaks were not due 
to selective suppression, the mass traces of both products (m/z 176 and m/z 
456) were compared, showing that they did not differ. In addition, blank 
injections and injections of cAMP (10 \iM) did not result in negative peaks 

25 (data not shown). This is further confirmed by the linearity of the calibration 
curves (see Quantification). If the products were sensitive for signal 
suppression, Unear curves for both masses (R2 = 0.9964 and R2 = 0.9972 for m/z 
176 and m/z 456, respectively) would not have been obtained. If a compound 
was suppressing the ionization process, a similar decrease in ion current 

30 should be observed for the internal standards (or other compounds). However, 
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as the intensity of the internal standards remained unchanged during the 
negative peaks (data not shown), signal suppression could be ruled out. To 
determine if the second option was true, background ions were subtracted from 
the negative peaks (by using the Micromass software), resulting in spectra 
5 that belonged to the inhibitors. This fact in combination with the knowledge 
that the negative peaks were not a result of ion suppression, lead to the 
conclusion that the injected inhibitors blocked the enzyme in the first reaction 
coil. Determination of the molecular mass of the inhibitors was possible as only 
a part of the total amount of inhibitory compounds was bound to cathepsin B. 
10 However, obtaining useful mass spectra is only possible if the inhibitor is 
ionizable. 

Besides the determination of which component has blocked the 
inhibitor, it is also possible to determine the binding strength of an inhibitor. 
The area of the negative peaks is an indication of the inhibition potency of the 

15 compounds, in other words, the stronger the inhibitor, the larger the area of 
the negative peak. This is not possible for natural product extracts, where the 
concentrations of the inhibitory compounds are unknown. Considering Figure 
7, it is obvious that antipain is a stronger inhibitor than E64, as the area of 
peaks caused by 0.10 fiM antipain are more or less the same as the area of the 

20 peaks caused by 0.50 E64. It is also very clear that higher concentrations 
inhibitor block larger amounts of enzyme, resulting in larger negative peaks. 

LfOoking at the ETC of a product (top mass trace), one can see that 
the MS intensity is decreasing against the time. This is a consequence of 
nonspecific binding of the enzyme to the tubing, as the same effect was not 

25 observed for the internal standards. 

Summarizing, affinity constants of extracted or synthesized 
compounds can be determined with this system. The usage of internal 
standards made it possible to control signal suppression. Limits of detection 
were in the order of 50-250 nM, which was in agreement with fluorescence 
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detection, where the detection limits were in the order of 25-100 nM (data not 
shown), demonstrating the suitability of the ESI-TOF-MS mode. 

An important factor is the quantification of the formed product, 
which makes it possible to indicate the strength of the inhibitor. 
5 Quantification was started by preparing batches containing the necessary 
reactants and internal standards and various concentrations of Z-FR-AMC. 
Batches were incubated for 60 min to be sure that all Z-FR-AMC was cleaved 
by cathepsin B. ESI-TOF-MS analysis, performed directly after incubation, 
was done by infusion (kdScientific S3n:inge pump) of the samples into the mass 

10 spectrometer. After controlling that all Z-FR-AMC was cleaved, the amoimt of 
formed product was determined by averaging the acquired spectra. Signal 
intensities obtained were corrected for signal suppression, and plotted (data 
not shown) against the concentration Z-FR-AMC, creating linear graphs for 
m/z 176 (product 1; R2 = 0.9964) and m/z 456 (product 2; R2 = 0.9972). Out of 

15 this plot, the concentration product formed could be obtained for each analysis 
by interpolation. As a negative peak showed up, the product intensity 
decreased, resulting in a lower concentration calculated by interpolation. 
Differences in concentration can be calculated, and compared with other peaks 
to get a indication of the affinity of the injected compound for the enzyme. For 

20 real quantitative data, more measurements should be performed. 

Differences in signal suppression or MS sensitivity can be controlled 
by the use of internal standards. In this research, calibration curves of the 
internal standards cAMP (R2 = 0.9935) and biotin (R2 = 0.9962) were obtained 
by continuous infusion into the mass spectrometer. 

25 The RP-separation was performed by a binary gradient system, 

using water and methanol. The organic modifier, however, decreases the 
activity of enzymes. For this reason, a makeup flow was added after the LC- 
column (see Figure 5) to reduce the concentration of methanol. This resulted in 
an increased post column flow rate (960 ^L/min) and a lower analyte 

30 concentration due to dilution. To reduce the flow rate, which was too high for 
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the bioassay and mass spectrometer, the flow was reduced to 48 ^L/min by 
placing a flow splitter between the LC-column and the bioassay. This flow was 
used as the carrier solvent that was pumped into the continuous-flow system. 

The described LC-CF system was used for the determination of the 
5 inhibition potency of the compounds E64 and CA-074, ESI-TOF-MS was used 
for this analysis, following the amount of formed product by an EIC (Figure 8; 
A). Diuing the first three minutes, the product mass trace was stable 
(controlled by internal standards). At 3.8 and 4.8 min, negative peaks showed 
up in the product mass trace. As mentioned earlier, this could be a 

10 consequence of signal suppression by eluted components or a consequence of 
cathepsin B inhibition. Internal standards mass traces showed that the 
negative peaks were caused by inhibition. The next step was the determination 
of the compoimds that had boimd to the enzsnne, by background subtraction 
using Micromass software. Extracted m/z values were 358.2 and 384.2 for peak 

15 1 and peak 2, respectively, corresponding to the protonated molecules of the 
compounds E64 (Figure 8, C) and CA-074 (Figure 8; B). Concluding this, 
injected analytes were separated by the LC-column, mixed well in the bioassay 
with the enzyme and subsequently pumped into the mass spectrometer. This 
assay is not limited to a mixture containing two components, but also for more 

20 complex mixtures, provided that they are separated. For this reason, the 
online continuous-flow screening assay based on ESI-TOF-MS is a good 
alternative detection technique to fluorescence- and radioactivity-based 
detection methods for primary screening of extracts and other mixtures. 



25 



